On-line analytical techniques, which combine the sampling technique and an on-line detector to analyze the sample directly without any sample separation or pretreatment, are becoming common in applications for continuous measurements of analytes in different media. 12 With respect to the simplicity of use, the short analytical time and the informational advantages to be gained from the direct and continuous analytic performance, 13 these systems are superior to off-line methods, such as liquid chromatography or capillary electrophoresis, and have provided some information of great importance. 14, 15 Actually, chemical sensors with the ability to continuously sense analytes have attracted considerable attention, and many applications have appeared in the literature. In the last two decades, many analytical methods have been reported for such measurements, including spectrophotometry, 16, 17 fluorometry, 18, 19 chemiluminescence, 20, 21 amperometry, [22] [23] [24] and voltammetry. 25 In the present work we described a simple and sensitive method for the rapid amperometric quantification of minoxidil in pharmaceutical products without any sample pretreatment. A comparison by statistical tests with a spectrophotometric method is included. Finally, the electrochemical behavior of minoxidil is also analyzed.
Experimental

Apparatus
Cyclic voltammetry experiments were carried out with an Autolab PGSTAT 30 (Ecochemie) electrochemical analyzer coupled to a personal computer. A conventional three-electrode system with a Pt counter electrode, a Ag/AgCl/NaCl(3 M) reference and a glassy carbon disk (3 mm diameter MF-2012 BAS) working electrode were employed. The glassy carbon electrode was mechanically polished with alumina (0.05 µm) before each experiment.
Ultraviolet (UV) absorption spectroscopy was performed with an UV-1601 spectrophotometer (Shimadzu, Japan).
The flow injection analysis system (FIA) has been described elsewhere. 26 Quantifications were performed amperometrically by applying the desired potential (vs. Ag/AgCl/NaCl(3 M) reference electrode, RE-4 provided by Bioanalytical Systems) and allowing the current to decay to its stationary value.
Solutions and reagents
All chemicals were of analytical grade or better and were used without further purification. All solutions were prepared with purified water (Milli-Q System, Millipore).
Phosphate buffer solutions 0.050 M (Baker Inc.) of different pH values were used as supporting electrolytes. A Minoxidil (Parafarm) stock solution of 1.00 × 10 -2 M was freshly prepared every day. Further standard solutions were prepared by appropriate dilutions with a buffer.
All of the pharmaceuticals products analyzed were liquid presentation and reported a 2.0 g% of minoxidil, plus butihydroxytoluol, alcohol and excipients.
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Method
The FIA system consisted of a variable flow rate peristaltic pump (Gilson Minipuls 3), sample injection valve (Rheodyne Type 7125), stainless-steel auxiliary electrode block with a 51 µm-thick TG-2M Teflon cell gasket (MF-1046 Bioanalytical Systems), an LC-4C amperometric detector (Bioanalytical Systems) and an X-t chart recorder (Linseis L-4000).
Flow injection determinations were performed amperometrically, applying the desired working potential (vs. Ag/AgCl/NaCl(3 M) reference electrode) and allowing the current to decay to its stationary value. All of the results are the average of at least five injections, and all the experiments were carried out at room temperature.
Results and Discussion
Cyclic voltammetry studies Figure 1 shows typical cyclic voltammograms in phosphate buffer solutions at different pH values (4.46, 7.25 and 9.67) for a 5.0 × 10 -3 M minoxidil solution at 0.100 V s -1 in the potential range from -0.5 to 1.2 V. As can be observed, at least two anodic and one cathodic current peaks were obtained during positive and negative scans, respectively at different pH values. The first anodic current peak was located at 0.725 V for pH values higher than 7 and shifted towards 0.918 V for pH values lower than 7 ( Fig. 1) , while the second anodic current peak showed a more noticeably change to more positive potential values as the pH diminished. Also the relative intensities changed for different pH values. A similar behavior could be observed for the cathodic current peak. The anodic peaks can be attributed to oxidation of the amino groups, since the potential values where they appeared corresponded to the potential value range for different anilines (0.8 -1.2 V, depending on the degree of substitution). However, a kinetic analysis could not be performed due to the overlapping of both
In order to analyze the electrochemical behavior of minoxidil, cyclic voltammograms at different scan rates (v) with 5.0 × 10 -3 M minoxidil solution were obtained (Fig. 2) . As can be observed, there was a continuous current increasing with v. A linear dependence of ip,a-v 1/2 was obtained (not shown); besides, the separation between the first anodic and the cathodic current peaks remained practically constant over the whole v range analyzed, indicating that the electrochemical process is mainly diffusion controlled and that the electrode process is quasi-reversible. Figure 3 shows cyclic voltammograms obtained in a 0.05 M phosphate buffer solution (pH = 7.25) at 0.100 V s -1 and increasing minoxidil concentrations in the 1.0 × 10 -2 to 5.00 × 10 -4 M concentration range. As expected, there is a whole current increase with increasing minoxidil concentration, indicating that all of the current peaks correspond to minoxidil electrochemical processes. However, cyclic voltammetry does not allow analyzing concentration values lower than 5.00 × 10 -4 M, since the peak current values are too small. For that reason, amperometric flow injection analysis was also studied.
Flow injection analysis
In order to obtain the best conditions for minoxidil quantification, some parameters in the amperometric FIA configuration were investigated. Figure 4 shows hydrodynamic voltammograms for 1.0 × 10 -5 M minoxidil at different pH values in the 0.500 V to 1.100 V potential range at a flow rate of 0.74 mL min -1 and with a 20 µL sample injection. As can be observed, there is a continuous current increase, without a plateau, in the whole potential range analyzed. For that reason a working potential value of 0.800 V was selected. Due to at this potential value, a good current response was obtained. Also a relatively low potential value is good to prevent the oxidation of other compounds. The effect of the pH showed a similar behavior to that previously described for cyclic voltammetry (Fig. 1) . For an alkaline pH higher than 7, no significant differences in the current values were obtained, while for pH values lower than 7, the obtained current decreased as the pH become more acid. For that reason, pH = 7.30 was chosen as 92 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 Another parameter that was also analyzed was the flow rate; this influenced the current peak heights and the sampling rate. Different pump speeds (v) in the 0.12 to 3.70 mL min -1 range were tested. The results are shown in Fig. 5 , where an initial current increase and a further current decrease with v were obtained with a plateau between 0.50 and 1.00 mL min -1 . For this reason the selected flow rate was 0.74 mL min -1 where the current value was maxima and corresponded to the plateau region. The optimum injection rate was determined from the signal obtained at 0.800 V, by injecting 15 consecutive 1.0 × 10 -5 M minoxidil samples with the following injection frequencies: 40, 60, 80 and 120 samples h -1 . Even though at all of the sampling rates, the i-t curves were reproducible, a sampling rate of 120 samples h -1 , corresponding to a flow rate of 0.74 mL min -1 , was selected since this allowed us to obtain a good baseline and a good number of injections.
Calibration plot and stability
The electrode stability was analyzed by the consecutive injection of 1.0 × 10 -5 M and 1.0 × 10 -4 M minoxidil samples for 48 h. In both cases an almost constant current response with time was observed. A current decreasement of ca. 10% was observed (not shown), indicating a good electrode stability. This fact allows its application in FIA systems with analytical purposes.
Calibration curves for standard minoxidil solutions using the optimized parameters were obtained. A linear relationship was observed between 1.00 × 10 -7 and 5.00 × 10 -5 M minoxidil. The average slope was (2.49 ± 0.04) × 10 4 µA M -1 with an RSD of 1.0%. The limit of detection (LD) was calculated from the calibration curve according to LD = a + 3Sx/y, where a corresponds to the y-intercept and Sx/y to the standard deviation of each point in the calibration curve (2.2 × 10 -6 M). The results for standard samples were compared with those obtained by the spectrophotometric method at 230 nm in a phosphate buffer (0.05 M). In this case calibration curves with standard solutions were also obtained. The accuracy of the amperometric-FIA method was established by comparing with the conventional UV determination technique. The paired t-test showed no significant differences (p > 0.05) between both methods, indicating the absence of systematic errors.
Minoxidil determination in pharmaceutical formulas
For the analysis of drugs, three different commercial pharmaceutical formulations containing minoxidil and other substances were employed. Previous to quantification, cyclic voltammetry experiments were performed with commercial formulations. Figure 6 shows the i/E potentiodynamic profiles for the 5 × 10 -3 M minoxidil standard solution and three different pharmaceutical formulas diluted to a final minoxidil concentration of 5 × 10 -3 M. As can be seen, no significant differences were obtained, indicating that the glassy carbon electrode can be used for minoxidil determination in different pharmaceutical formulations.
Minoxidil quantification was performed by amperometric 93 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 ; sample injection volume, 20 µL. FIA. In all cases the procedures were performed three times for each sample. Table 1 gives the average amperometric-FIA results together with the corresponding RSD. Also shown are the relative errors with respect to the declared value, since it can be observed that very good correlations were obtained (relative errors lower than 10% in all cases). All of the drug samples were conveniently diluted to achieve a nominal concentration of 1.0 × 10 -5 M before FIA experiments were performed.
Conclusions
We have described a sensitive, reproducible, FIA-amperometric method for minoxidil quantification in pharmaceutical formulations. The proposed method presents simple, rapid analysis without the need of previous operations, such as separations, extractions or filtration. The glassy carbon electrode showed a very good response that, in addition to FIAamperometric technique, generated sharp current response peaks, rapid washout and excellent stability of the response for minoxidil quantification. Another advantage of this method is the low price and the easiness of its use. ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 
